Electrical microstimulation of the nucleus incertus induces forward locomotion and rotation in rats  by Farooq, Usman et al.
Physiology & Behavior 160 (2016) 50–58
Contents lists available at ScienceDirect
Physiology & Behavior
j ourna l homepage: www.e lsev ie r .com/ locate /phbElectrical microstimulation of the nucleus incertus induces forward
locomotion and rotation in ratsUsman Farooq a,b,c,⁎,1, Jigna Rajesh Kumar a,b,c,1, Ramamoorthy Rajkumar a,b,c, Gavin S. Dawe a,b,c,⁎⁎
a Department of Pharmacology, Yong Loo Lin School of Medicine, National University Health System, 117600, Singapore
b Neurobiology and Ageing Programme, Life Sciences Institute, National University of Singapore, 117456, Singapore
c Singapore Institute for Neurotechnology (SINAPSE), 117456, SingaporeH I G H L I G H T S G R A P H I C A L A B S T R A C T• Nucleus incertus modulates hippocam-
pal theta which is associated with loco-
motion.
• Microstimulation of nucleus incertus in
rats was sufﬁcient to induce locomo-
tion.
• Nucleus incertus plays a role in behav-
ioral activation and locomotion.⁎ Correspondence to: U. Farooq, Interdepartmental Neu
⁎⁎ Correspondence to: G.S. Dawe, Yong Loo Lin School o
E-mail addresses: usman.farooq@yale.edu (U. Farooq)
1 These two authors contributed equally.
http://dx.doi.org/10.1016/j.physbeh.2016.03.033
0031-9384/© 2016 The Authors. Published by Elsevier Inca b s t r a c ta r t i c l e i n f oArticle history:
Received 13 January 2016
Received in revised form 1 March 2016
Accepted 29 March 2016
Available online 2 April 2016Locomotion is essential for goal-oriented behavior. Theta frequency oscillations in the hippocampus have been as-
sociatedwith behavioral activation and initiation ofmovement. Recently, the nucleus incertus, a brainstem nucleus
with widespread cortical and subcortical projections, has been reported to modulate the septo-hippocampal axis
triggering theta activity in the hippocampus. This suggests that activation of the nucleus incertus would induce
movement. In this study, we investigated the effects of electrical microstimulation of the nucleus incertus on loco-
motion in conscious rats. Rats chronically implantedwithmicroelectrodes targeting the nucleus incertuswere elec-
trically stimulated while their behavior was tracked. High frequency electrical microstimulation of the nucleus
incertuswas sufﬁcient to induce forward locomotion and rotation. The latencies of evoked locomotionwere consis-
tent with a role of the nucleus incertus inmodulating premotor areas, possibly the septo-hippocampal axis. Electri-
cal microstimulation of the nucleus incertus increased velocity, mobility and rotations during stimulation and post-
stimulation. These results suggest that the nucleus incertus plays a role in behavioral activation and locomotion.
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51U. Farooq et al. / Physiology & Behavior 160 (2016) 50–581. IntroductionThe nucleus incertus (NI) has long been hypothesized to be involved
in behavioral activation [1]. Locomotion to execute behaviors is an inev-
itable consequence of behavioral activation. Locomotion and hippocam-
pal theta oscillations are very tightly coupled in an awake animal [2–5].
Although the role of the NI in generation of hippocampal theta oscilla-
tions is well-established [6,7], evidence for a causal role for the NI in lo-
comotion is lacking.
While themotor cortex and associated areas are directly involved in
the initiation and maintenance of locomotion, many other regions such
as the septo-hippocampal circuitry have been implicated in the
premotor control of locomotion and the transition of the brain into a
state appropriate for processing inputs during locomotion. For instance,
theta oscillations are observed in the hippocampus of rodents hundreds
of milliseconds before the onset of locomotion and throughout the
movement period representing a brain state specialized for encoding
spatially-related sensory input [1–4]. Optogenetic stimulation (at
theta frequencies) of the glumatergic neurons in the medial septum
and diagonal band of Broca (MSDB), the theta pacemaker, has been
shown to evoke locomotion [5–6]. Similarly, high frequency (50–
100 Hz) stimulation of certain hypothalamic nuclei, supramammillary
nucleus, rostral pontine oralis nucleus (RPO) and raphe nuclei have
been shown to evoke or inhibit hippocampal theta oscillations and, re-
spectively, initiate or reduce locomotion [7–12].
The NI has dense projections to and from the MSDB. In addition, its
projections span many of the other regions involved in modulation of
hippocampal theta oscillations including themidbrain raphe nuclei, lat-
eral habenula, RPO, certain hypothalamic nuclei such as the
supramamillary nucleus, and the hippocampus itself. It also receives in-
puts fromsomeof these regions [1,8,9]. These initial anatomicalﬁndings
suggest that the NI is in a position tomodulate hippocampal theta oscil-
lations and pre-motor control of locomotion. Subsequently, a study
demonstrated that high-frequency stimulation of the NI, evokes theta
oscillations in the hippocampus [10]. Similar to the RPO and DRN, the
NI also generates theta which is coupled with hippocampal theta activ-
ity [7]. In addition, the NI acts as a mediator between the RPO and me-
dial septum-hippocampus system. Acute inactivation of the NI
prevented RPO stimulation-induced hippocampal theta in the anesthe-
tized rat [10]. The NI is a chief source of the highly conserved neuropep-
tide, relaxin-3, in the brain, which has been shown to be involved in
modulating theta via themedial septum [11]. Relaxin-3 expressing neu-
rons of the NI spontaneously ﬁre in a phase-lockedmanner to the initial
ascending phase of hippocampal theta [6]. Relaxin-3 signaling in the
medial septum and hippocampus modulates theta activity and pro-
motes spatial memory measured by the spontaneous alternation task
[11]. Supporting the functional relevance of the NI in spatial memory,
the reversible inactivation of the NI with lidocaine delayed the acquisi-
tion and retrieval phase in the Morris water maze [12]. Additionally, a
host of studies has shown that neurons in the NI exhibit hippocampal
theta-lockedﬁring and theta-rhythmicity [6,10,13]. Therefore, as hippo-
campal theta is associated with locomotion, and the role of NI in modu-
lating hippocampal theta is well-established, in the present study we
hypothesized that activation of the NI would trigger locomotion and
tested this hypothesis by direct microstimulation of the NI in freely-
moving rats.
2. Materials and methods
Adult male Sprague–Dawley rats (300–350 g), obtained from
InVivos Pte Ltd., Singapore, were utilized in this investigation. The pro-
cedures were conducted under a protocol approved by the Institutional
Animal Care and Use Committee (IACUC) of the National University of
Singapore and in compliance with the guidelines of the National Insti-
tutes of Health Guide for Care and Use of Animals. Rats were housed
in pairs in individually ventilated cages that were maintained in atemperature controlled room (22 °C–24 °C) with a 12 h light–dark
cycle. The animals were given ad libitum access to food and water and
were acclimatized to the housing conditions for at least 5 days. All be-
havioral assessments were conducted during the light phase of the
12 h light-dark cycle.
2.1. Surgery
Each ratwas anaesthetizedwith an intra-peritoneal injection of a ke-
tamine (75 mg/kg body weight) and xylazine (10 mg/kg body weight)
cocktail. Subsequently, it was mounted on a stereotaxic frame and
body temperature was maintained at 37 ± 0.5 °C with a
homoeothermic heating blanket. A trephine hole was drilled above
the NI (AP:−9.7 mm; ML = 0.1 mm from the Bregma) [14]. A twisted
bipolar nickel chromium stimulation electrode (custom-made in the
laboratory from 125 μm diameter 80% nickel, 20% chromium wire)
was tested for connectivity before implantation into the NI. The elec-
trode was held in place with dental cement and anchoring screws ﬁtted
to the skull. The rats were then allowed a rehabilitation period of
1 week, with analgesic (carprofen) and antibiotic (enroﬂoxacin) treat-
ments injected subcutaneously for the ﬁrst 5 days.
2.2. Drugs
Ketamine (Parnell Manufacturing Pty Ltd.; Alexandria, NSW,
Australia), xylazine (Ilium Xylazil, Troy Laboratories Pty Ltd.;
Glendenning, NSW, Australia), enroﬂoxacin (Baytril 5%, Bayer Health
Care; Seoul, Korea) and carprofen (Carprieve, Norbrook Laboratories
(GB), Ltd.; Carlisle, UK) were freshly prepared in sterile isotonic saline
(B. Braun, Germany) before use. Pentobarbital (Valabarb) was pur-
chased from Jurox Pty Ltd., Australia.
2.3. Behavior
On complete recovery of the rat, it was exposed to a circular open
arena (diameter: 120 cm), and connected to a tethered stimulation
headmount. A dual output square pulse stimulator (S88X, GRASS Tech-
nologies, U.S.A.) and a photoelectric stimulus isolation unit (PSIU6X,
GRASS Technologies, U.S.A.) were used for electrical stimulation. The
stimulation protocols employed included a (1) 100 Hz stimulation
train (with pulse width: 0.25 or 0.5 ms) lasting for 4 or 10 s with an
inter-train interval of 10 s or a (2) 1 pulse stimulation given every
10 s in a subset of animals. The current intensity was progressively in-
creased from25 μA in 25–50 μA steps. No further increases in current in-
tensity were used when a maximal response (locomotion) indicated
that a saturation current was reached, as judged by 3 observers, or
700 μA was reached. The stimulation at each current intensity was re-
peated aminimumof 6 times (andnot N10 times). Aminimumof 3 pro-
gressively increasing current intensity values were used for each
animal. These stimulation protocols have been previously successfully
employed in our laboratory and have been found to produce maximal
NI-induced effects in target regions [15].
The behavior of the rat was recorded with Ethovision XT10 (Noldus,
Netherlands). Raw position information of the animal (center point)
was acquired using a 25Hz sampling rate. Using this information, linear
velocity of the animal, number of rotations and mobility were calculat-
ed. Linear velocity of the animal was deﬁned as the composite differ-
ences between x and y coordinates of the center point of the animal
between samples. The number of rotations were counted by measuring
the direction of motion of an animal about external points. The animal
had to rotate 180° to complete a rotation. A threshold of 50° was set
to count rotations. That is, if the animal initially while rotating one
way, rotated for 50° in the opposite way, resulted in the initial rotation
reading being discarded and a rotation in the opposite direction being
initiated. Once the cumulative number of rotations were counted,
using the aforementioned methodology, for various epochs, the results
52 U. Farooq et al. / Physiology & Behavior 160 (2016) 50–58were divided by 2, to give number of 360-degree rotations.Mobilitywas
deﬁned as the change of pixels occupied by the animal between consec-
utive video frames. This parameter accounted for displacement of the
center point of the animal from one location to another and also the
general activity with a constant center point. Therefore, we believe
this parameter is more sensitive to detecting increases in general activ-
ity of the animals. The data was subsequently exported to MATLAB
2014b, where custom-written MATLAB scripts were used to preprocess
and analyze the data.
In cases where the software failed to detect the correct position of
the animal, interpolation was performed to estimate the position of
the animal.
2.4. Conﬁrmation of electrode positions
Transcardial perfusion was performed with isotonic saline followed
by 4% paraformaldehyde in phosphate buffer (0.1 M). The brain was
post-ﬁxed in 4% paraformaldehyde for a few days, and then transferred
to 30% sucrose solution at 4 °C. Sections (40 μm)were collected on glass
slides with a cryostat (CM 3050, Leica Biosystems, Germany). The slides
were viewed and photographed under a microscope (BX-51, Olympus,
Japan) to determine the position of the electrode (Fig. 1). Ratswith elec-
trodes which were found not to be in the NI were separately analyzed
(Supplementary Fig. 1).
2.5. Data analysis
Statistical analyses were performed using MATLAB 2014b and the
statistical language R. Based on inspection of our results, a 4 s pre-
stimulation, peri-stimulation period (4 s or 10 s) and 4 s postFig. 1. Schematic representation of the positions of stimulation electrode tracks
terminating in the NI (represented by grey shaded areas) across the anterior-posterior
axis.stimulation period was used for analysis. The average velocity, mo-
bility and number of rotations in these epochs were calculated for
each animal, at each current intensity. To determine the optimal
stimulation current intensity, a ratio of the mean value for each
parameter during stimulation to pre-stimulation (peri/pre-
stimulation ratio) for each current intensity was calculated (for in-
stance, mean velocity during stimulation divided by mean velocity
pre-stimulation for a certain current). For each animal, the current
intensity which produced the maximal peri/pre-stimulation ratio
for each parameter was used for further analysis. These values
were tested for normality (with a Kolgomorov-Smirnov test) and
subsequently analyzed using an appropriate statistical test: paired
t-test or Wilcoxon rank test for two pairs of data and one-way
ANOVAwith post hoc t tests with Bonferroni corrections or Friedman
with post hoc Dunn's tests with Bonferroni corrections for multiple
comparisons. Similar analysis was performed on animals with elec-
trode positions not in the nucleus incertus.
To quantify the delay in effects on NI stimulation, the latency to
increase in velocity and mobility were calculated. These latencies
for these parameters were deﬁned as the delay at which the velocity
and mobility of the animal during stimulation were three standard
deviations above themean pre-stimulation velocity andmobility, re-
spectively, for 3 consecutive bins (75 ms). This latency was averaged
for each current for each animal. For each animal, the average latency
for the current which produced maximum peri- to pre-stimulation
ratio of that parameter was chosen for across animal comparisons
depicted in Fig. 5.
To study the relationship of current intensity to the various parame-
ters of evoked behavioral activity (velocity, mobility and number of ro-
tations), simple linear regression analysis was performed as follows: to
account for across animal differences in the currents used, each current
and the parameter of interest (mean value during stimulation for that
parameter; for instance, mean velocity during stimulation for a certain
current) was normalized for every animal individually by dividing
them by the maximum current and the associated value for the param-
eter of interest, respectively, for that animal and then multiplying by a
100%, following which the simple regression analysis was performed
for that parameter and the coefﬁcient of determination (R-squared)
calculated.
3. Results
Post-mortem analysis revealed that 10 out of the 14 implanted rats
had the stimulation electrode in the NI (Fig. 1). The remaining animals,
with electrode positions not in the NI, were pooled and analyzed sepa-
rately (Supplementary Fig. 1).
3.1. Activity-associated parameters
High-frequency stimulation of the NI (100 Hz) was sufﬁcient to in-
duce forward locomotion increasing velocity (Fig. 2), mobility (Fig. 3)
and rotation (Fig. 4). Increasing stimulation intensities resulted in in-
creased locomotion responses in representative animals (Figs. 2A, C, E;
3A, C, E; and 4A, B, C, 25 μA, 50 μA and 100 μA, respectively) Further-
more, the increase in activity-associated parameters occurred during
the stimulation and stopped rapidly after cessation of stimulation of
the NI (Figs. 2B, D, F and 3B, D, F).
Stimulation of the NI, using a 100 Hz stimulation paradigm, in-
creased velocity during and post stimulation (Friedman test: p
value = 0.0074; post hoc Dunn's tests with Bonferroni corrections:
pre versus peri: p value = 0.0006; pre versus post p value =
0.0357; peri versus post p value = 0.3061; Fig. 5A). Similarly, stimu-
lation of the NI increased mobility during and post stimulation
(Friedman test: p value = 0.0017; post hoc Dunn's tests with
Bonferroni corrections: pre versus peri: p value = 0.0001; pre versus
post p value = 0.0155; peri versus post p value = 0.2674; Fig. 5B).
Fig. 2. Plots from one representative animal demonstrating an increase in velocity on stimulation of theNI. (A) Time versus velocity plotwith theNI being stimulated at 100Hz at a current
of 25 μA (0.25ms pulse width). (B) Peri-stimulus time versus velocity plot of (A) with the black curve depicting themean response, while the other colors showing the responses to each
stimulation train. (C–D) Similar time-velocity and peri-stimulus plots when the stimulation current was 50 μA (0.25 ms pulse width). (E–F) Similar time-velocity and peri-stimulus plots
when the stimulation current was 100 μA (0.25 ms pulse width). The black horizontal bars in all plots represent the stimulation train.
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tions during and post stimulation (Friedman test: p value = 0.0031;
post hoc Dunn's tests with Bonferroni corrections: pre versus peri: p
value = 0.0001; pre versus post p value = 0.0174; peri versus post p
value = 0.1805; Fig. 5C).However, in sharp contrast to the aforementioned results in the an-
imals with electrode positions not in the NI (Supplementary Fig. 1),
stimulation (at 100 Hz) had no signiﬁcant effect on velocity (Friedman
test: p value N 0.05; Supplementary Fig. 2A; Supplementary Fig. 3),
mobility (Friedman test: p value N 0.05; Supplementary Fig. 2B;
Fig. 3. Plots from the representative animal demonstrating an increase inmobility on stimulation of theNI. (A) Time versusmobility plotwith theNI being stimulated at 100Hz at a current
of 25 μA (0.25ms pulse width). (B) Peri-stimulus time versusmobility plot of (A) with the black curve depicting themean response, while the other colors showing the responses to each
stimulation train. (C–D) Similar time-mobility and peri-stimulus plots when the stimulation current was 50 μA (0.25ms pulse width). (E–F) Time-mobility and peri-stimulus plots when
the stimulation current was 100 μA (0.25 ms pulse width). The black horizontal bars in all plots represent the stimulation train. This is the same animal as Fig. 2.
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value N 0.05; Supplementary Fig. 2C). There was no current intensity
which produced a signiﬁcant increase in the activity associated
parameters.Unlike the 100 Hz stimulation paradigm, single pulse stimulation of
the NI did not elicit changes in any of the parameters of interest
(Freidman test: p value N 0.05 for velocity, mobility and number of
rotations).
Fig. 4. Trajectory of the representative animal (same animal as Figs. 2 and 3) in real space (maze represented by black circle) during pre- (represented in blue), peri (represented in red)-
and post- stimulation (represented in green) of the NI. All plots are on the same scale. (A) is at the 25 μA current, (B) at the 50 μA current while (C) at the 100 μA current.
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Across all animals, the median latency to increase in velocity on
stimulation of the NI was 2.4 s (illustrated in Fig. 5D). In agreement
with this ﬁnding, the median latency to increase in mobility was 2.2 s
(illustrated in Fig. 5E).Fig. 5. Stimulation of the NI increases behavioral activity. (A) Velocity of individual animals pre
(B)Mobility of individual animals pre-, peri and post- stimulation. The bars represent themedia
post stimulation. The bars represent the median velocities in each condition. (D) Latency to in
latency. (E) Latency to increase in mobility on NI stimulation in individual animals. The stimul3.3. Relationship of current to various activity-associated parameters
In order to study the relationship of current to the various parame-
ters of locomotor activity, current and the parameter of interest were
normalized for each animal, as described in Section 2.5. Following
which a simple linear regressionmodel was ﬁt to the data of all animals.-, peri- and post- stimulation. The bars represent the median velocities in each condition.
n velocities in each condition. (C) Number of rotations of individual animals pre-, peri- and
crease in velocity on NI stimulation in individual animals. The bar represents the median
us intensities were as described in Section 2.3. The bar represents the median latency.
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ness of ﬁt. An ANOVA was performed comparing the ﬁt to the overall
mean, to determine if there was a signiﬁcant relationship. Indeed, a lin-
ear relationship between normalized current and normalized velocity
was observed (R2 = 0.575; F-statistic: 47.4, p value = 5.38e−08; Fig.
6A). Similarly, a linear relationship between normalized current and
normalized mobility was observed (R2 = 0.753; F-statistic: 106, p
value = 3.73e−12; Fig. 6B). Finally, a linear relationship between nor-
malized current and normalized total number of rotations was also ob-
served (R2 = 0.666; F-statistic: 65.9, p value = 2.29e−09; Fig. 6C).4. Discussion
Our results demonstrate that high-frequency stimulation of the NI is
sufﬁcient to induce forward locomotion, rotation and general behavior-
al activity (as indicated by an increase inmobility). The sizeable increase
in velocity, mobility and number of rotations during stimulation is evi-
dence of the strong role of the NI in locomotor activity (Figs. 2–6).
This increase in behavioral activity is consistently and reliably observed
on stimulation on a single-trial basis — evident even during individual
stimulation epochs (refer to Figs. 2 and 3 for examples of individual
trial increase in velocity and mobility on stimulation). Furthermore,
the increase in activity-associated parameters declines abruptly after
cessation of stimulation of the NI (Figs. 2B, D, F and 3B, D, F). These ﬁnd-
ings indicate that sustained neuronal activity in the NI, like that induced
by electrical microstimulation, is expected to increase locomotor
activity.Fig. 6. Linear relationship between stimulation current at the NI and activity associated parame
NI when all animalswith electrode positions in the NI are pooled together. (B) Normalizedmob
electrode positions in the NI are pooled together. (C) Normalized number of rotations increase
positions in the NI are pooled together. The coefﬁcients of determination for each relationshipWe found that the latency of evoked locomotion was in the order of
seconds (Fig. 5 D and E). Direct stimulation of the premotor and primary
motor cortex has been shown to produce muscle twitching with short
trains (b50 ms) and complex coordinated movements at longer trains
(N500ms) [16–18]. Thus it is unlikely that theNI directly inducesmove-
ment in amanner similar to themotor cortices. This suggests that theNI
induces locomotion via modulation of premotor circuits, possibly the
septo-hippocampal axis.
As mentioned before, several complementary pieces of evidence
point to the contribution of NI in theta-associated locomotion. The NI
(1) has dense bidirectional connections with the medial septum and
the diagonal band of Broca, regions critical for generating hippocampal
theta oscillations [1,8], (2) is able to evoke hippocampal theta and also
shows synchronized theta activity with the hippocampus when the
RPO is stimulated [7,10], (3) is a mediator of RPO-induced hippocampal
theta [9], (4) neurons expressing relaxin-3ﬁre in coherencewith hippo-
campal theta and exhibit theta-rhythmicity [6], and ﬁnally (5) is able to
modulate theta via the medial septum and this translates to changes in
spatialmemory [11].With information that NI projects to glutamatergic
MSDB neurons and optogenetic stimulation of glutamatergic neurons in
the MSDB reliably evokes locomotion (latency in the order of hundreds
of milliseconds) and hippocampal theta oscillations [19], it is tempting
to speculate that NI projections to MSDB neurons might be involved in
inducing locomotion. Future studies with optogenetic/DREADDs ma-
nipulation of NI projections to the medial septum might be able to
parse the role of these projections in locomotion.
In the present study, locomotion was induced by stimulation of the
NI at frequencies similar to those published earlier that have beenters. (A) Normalized velocity increases linearly with normalized stimulation current at the
ility increases linearly with normalized stimulation current at theNIwhen all animals with
s linearly with normalized stimulation current at the NI when all animals with electrode
are shown in the respective plots. All current intensities were used for this analysis.
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mals [10], a local ﬁeld potential which reliably precedes locomotion in
behaving animals.We have previously shown that similar high frequen-
cy stimulation of the NI signiﬁcantly reduces ﬁring rate in the medial
prefrontal cortex and impairs ventral hippocampal-medial prefrontal
cortical long-term potentiation [15,20]. Additional evidence from our
laboratory indicates that similar high frequency stimulation of the NI
(to a much greater extent than single-pulse stimulation) evoked potent
changes in ﬁring rate in a variety of brain regions, including the ventral
hippocampus, periaqueductal grey area, lateral habenula and midbrain
serotonergic nuclei [21]. These ﬁndings taken together indicate that
the NI ﬁres at high frequencies during various behaviors, and high fre-
quency stimulation of the NI is sufﬁcient to evoke behaviors, including
locomotion. Therefore, high frequency activity in the NI, might be re-
quired to optimally modulate downstream cortical and subcortical re-
gions. Intriguingly, in the current study, all the activity-associated
parameters (velocity, mobility and rotational motion) exhibited a sig-
niﬁcant linear relationship with the current intensity (Fig. 6). A higher
stimulation current intensity, besides recruiting a wider swathe of neu-
ronal tissue, increases the probability of depolarization and neuronal ﬁr-
ing of the stimulated tissue. Therefore, our ﬁndings suggest that the
stimulation-induced increase in behavioral activity is not an all-or-
none phenomenon, rather is dependent linearly on the recruitment
and ﬁring of NI neurons.
Brainstem structures namely, raphenuclei, RPO and ventral tegmen-
tal nucleus of Gudden that are proximal and strongly connected to the
NI, also show theta rhythmicity [1,22]. The ventral tegmental nucleus
of Gudden is also a strategically connected GABAergic nucleus that
shows strong state-dependent synchrony to hippocampal theta and
plays a role in locomotion [23,24]. Interestingly, microstimulation of
the median raphe, which is proximal to- and has bidirectional connec-
tions with the NI has been found to inhibit hippocampal theta and con-
current motor behaviors such as walking, rearing and grooming [25].
Indeed, the strong connections between the NI, median raphe and
interpeduncular nucleus appear to form a brainstem control of behavior
[1].
Aswe used electrical stimulation to activate the nucleus incertus,we
cannot rule out the possibility of stimulating passing ﬁbers and sur-
rounding areas. However, based on the extensively studied role of the
NI in evoking hippocampal theta oscillations in anaesthetized animals,
which reliably accompany locomotion in awake behaving animals, we
believe this is not the case. In addition, the animals with electrode posi-
tions whichmissed the NI, did not exhibit a signiﬁcant increase in loco-
motion associated parameters (velocity, mobility and rotations) on
stimulation (Supplementary Figs. 2–4). Finally, in certain cases (e.g.
Fig. 2–5), the evoked locomotion was evident at very low currents
(25 μA). Furthermore, the median minimum current which evoked a
signiﬁcant increase in behavioral activity was 150 μA. It is important
to note here that this signiﬁcant minimum current was calculated for
each animal individually. The minimum current which evokes a signiﬁ-
cant increase at the group level is likely to be even lower. These ﬁndings,
taken together, strongly indicate that theNI itself is involved in inducing
locomotion. Recently, we have shown that the NI strongly expresses D2
receptors, local activation of which consistently induced
hypolocomotion [26]. Antipsychotics, which are D2 receptor antago-
nists, increased NI c-Fos activation [27], supporting the hypothesis
that NI activation increases locomotion. The current study supports
and extends these ﬁndings by demonstrating that the high frequency
stimulation of the NI is sufﬁcient to induce locomotion, and by elucidat-
ing the properties of the NI-evoked locomotion.
In addition to a marked increase in forward locomotion and general
behavioral activity, we observed increased rotations on stimulation of
the NI. As these experiments were performed in a circular open ﬁeld,
it is possible that the environmental constraints promoted motion in
circles. Further studies in linear environments, such as linear tracks,
will elucidate whether this is indeed the case. Another possibility isthat our electrodes might have stimulated one side of the NI, more
than the other, and therefore, resulted in rotational locomotion. Howev-
er, given the small dimensions of the NI, it is not possible to accurately
target the two halves of the NI for selective electrical microsimulation.
Future studies, using other techniques, such as optogenetics, to selec-
tively target labelled cell populations in one side of the NI might prove
useful. However, stimulation of the NI at the high frequencies
(~100 Hz) required to elicit locomotion may prove challenging with
optogenetics.
5. Conclusions
Based on the anatomical connections of the nucleus incertus, it has
been suggested that the NI is involved in behavioral activation [1]. Yet,
despite its well-established role in generation of hippocampal theta os-
cillations, direct evidence for the role of NI in locomotion/behavioral ac-
tivity remained lacking. Here, we demonstrate that activation of the
nucleus incertus, via high frequency stimulation, reliably and potently
induces forward locomotion, as assessed by various locomotion-
associated parameters. The latencies of evoked locomotion is consistent
with a role of the NI in modulating premotor areas, possibly the septo-
hippocampal axis. Furthermore, this increase in locomotion is consis-
tently and reliably locked to activation of the NI. Taken together with
earlierﬁndings [10,11], this indicates that theNI is involved in behavior-





This work was supported by the Biomedical Research Council of
Singapore (BMRC 10/1/21/19/645) and the National Medical Research
Council of Singapore (NMRC/1287/2011) and the behavioral neurosci-
ence facilities provided by the NMRC NUHS Centre Grant — Neurosci-
ence Phenotyping Core (NMRC/CG/013/2013). The authors wish to
thank Mr. Ho Woon Fei for excellent technical and administrative
assistance.
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.physbeh.2016.03.033.
References
[1] M. Goto, L.W. Swanson, N.S. Canteras, Connections of the nucleus incertus, J. Comp.
Neurol. 438 (2001) 86–122.
[2] J.D. Green, A.A. Arduini, Hippocampal electrical activity in arousal, J. Neurophysiol.
17 (1954) 533–557.
[3] C.H. Vanderwolf, Hippocampal electrical activity and voluntary movement in the
rat, Electroencephalogr. Clin. Neurophysiol. 26 (1969) 407–418.
[4] I.Q. Whishaw, C.H. Vanderwolf, Hippocampal EEG and behavior: changes in ampli-
tude and frequency of RSA (theta rhythm) associatedwith spontaneous and learned
movement patterns in rats and cats, Behav. Biol. 8 (1973) 461–484.
[5] G. Buzsaki, Theta oscillations in the hippocampus, Neuron 33 (2002) 325–340.
[6] S. Ma, A. Blasiak, F.E. Olucha-Bordonau, A.J. Verberne, A.L. Gundlach, Heterogeneous
responses of nucleus incertus neurons to corticotrophin-releasing factor and coher-
ent activity with hippocampal theta rhythm in the rat, J. Physiol. 591 (2013)
3981–4001.
[7] A. Cervera-Ferri, J. Guerrero-Martinez, M. Bataller-Mompean, A. Taberner-Cortes, J.
Martinez-Ricos, A. Ruiz-Torner, et al., Theta synchronization between the hippo-
campus and the nucleus incertus in urethane-anesthetized rats, Exp. Brain Res.
211 (2011) 177–192.
[8] F.E. Olucha-Bordonau, V. Teruel, J. Barcia-Gonzalez, A. Ruiz-Torner, A.A. Valverde-
Navarro, F. Martinez-Soriano, Cytoarchitecture and efferent projections of the nucle-
us incertus of the rat, J. Comp. Neurol. 464 (2003) 62–97.
58 U. Farooq et al. / Physiology & Behavior 160 (2016) 50–58[9] V. Teruel-Marti, A. Cervera-Ferri, A. Nunez, A.A. Valverde-Navarro, F.E. Olucha-
Bordonau, A. Ruiz-Torner, Anatomical evidence for a ponto-septal pathway via the
nucleus incertus in the rat, Brain Res. 1218 (2008) 87–96.
[10] A. Nunez, A. Cervera-Ferri, F. Olucha-Bordonau, A. Ruiz-Torner, V. Teruel, Nucleus
incertus contribution to hippocampal theta rhythm generation, Eur. J. Neurosci. 23
(2006) 2731–2738.
[11] S. Ma, F.E. Olucha-Bordonau, M.A. Hossain, F. Lin, C. Kuei, C. Liu, et al., Modulation of
hippocampal theta oscillations and spatial memory by relaxin-3 neurons of the nu-
cleus incertus, Learn. Mem. 16 (2009) 730–742.
[12] M. Nategh, S. Nikseresht, F. Khodagholi, F. Motamedi, Nucleus incertus inactivation
impairs spatial learning and memory in rats, Physiol. Behav. 139 (2015) 112–120.
[13] S. Martinez-Bellver, A. Cervera-Ferri, J. Martinez-Ricos, A. Ruiz-Torner, A. Luque-
Garcia, A. Blasco-Serra, et al., Regular theta-ﬁring neurons in the nucleus incertus
during sustained hippocampal activation, Eur. J. Neurosci. 41 (2015) 1505.
[14] G. Paxinos, C. Watson, The rat brain in Stereotaxic Coordinates, sixth ed. Academic
Press/Elsevier, Amsterdam; Boston, 2007.
[15] U. Farooq, R. Rajkumar, S. Sukumaran, Y. Wu, W.H. Tan, G.S. Dawe, Corticotropin-
releasing factor infusion into nucleus incertus suppresses medial prefrontal cortical
activity and hippocampo-medial prefrontal cortical long-term potentiation, Eur. J.
Neurosci. 38 (2013) 2516–2525.
[16] H.S. Asanuma, H. Sakata, Functional organization of a cortical efferent system exam-
ined with focal depth stimulation in cats, J. Neurophys. 30 (1967) 35–54.
[17] P.L. Strick, J.B. Preston, Multiple representation in the primate motor cortex, Brain
Res. 154 (1978) 366–370.
[18] M.S. Graziano, C.S. Taylor, T. Moore, Complex movements evoked by
microstimulation of precentral cortex, Neuron 34 (2002) 841–851.[19] F. Fuhrmann, D. Justus, L. Sosulina, H. Kaneko, T. Beutel, D. Friedrichs, et al., Locomo-
tion, theta oscillations, and the speed-correlated ﬁring of hippocampal neurons are
controlled by a medial septal glutamatergic circuit, Neuron 86 (2015) 1253–1264.
[20] R. Rajkumar, Y. Wu, U. Farooq, W.H. Tan, G.S. Dawe, Stress activates the nucleus
incertus and modulates plasticity in the hippocampo-medial prefrontal cortical
pathway, Brain Res. Bull. 120 (2015) 83–89.
[21] U. Farooq, R. Rajkumar, G.S. Dawe, Modulation of structures putatively involved in
anxiety, memory, pain and aversion - the ventral hippocampus, raphe nuclei,
periaqueductal gray area and lateral habenula - by the nucleus incertus, Neurosci-
ence (2014) DC2014 Washington.
[22] P.J. Ryan, S. Ma, F.E. Olucha-Bordonau, A.L. Gundlach, Nucleus incertus–an emerging
modulatory role in arousal, stress and memory, Neurosci. Biobehav. Rev. 35 (2011)
1326–1341.
[23] K. Johnson, L. Churchill, M.A. Klitenick, M.S. Hooks, P.W. Kalivas, Involvement of the
ventral tegmental area in locomotion elicited from the nucleus accumbens or ven-
tral pallidum, J. Pharmacol. Exp. Ther. 277 (1996) 1122–1131.
[24] B. Kocsis, G.V. Di Prisco, R.P. Vertes, Theta synchronization in the limbic system: the
role of Gudden's tegmental nuclei, Eur. J. Neurosci. 13 (2001) 381–388.
[25] B.H. Bland, C.E. Bland, M.B. MacIver, Median raphe stimulation-induced motor inhi-
bition concurrent with suppression of type 1 and type 2 hippocampal theta, Hippo-
campus (2015).
[26] J.R. Kumar, R. Rajkumar, U. Farooq, L.C. Lee, F.C. Tan, G.S. Dawe, Evidence of D2 recep-
tor expression in the nucleus incertus of the rat, Physiol. Behav. 151 (2015) 525–534.
[27] R. Rajkumar, L.K. See, G.S. Dawe, Acute antipsychotic treatments induce distinct c-
Fos expression patterns in appetite-related neuronal structures of the rat brain,
Brain Res. 1508 (2013) 34–43.
